A proposed mechanism for presbycusis is a significant increase in oxidative stress in the cochlea. The enzymes glutathione S-transferase (GST) and N-acetyltransferase (NAT) are two classes of antioxidant enzymes active in the cochlea. In this work, we sought to investigate the association of different polymorphisms of GSTM1, GSTT1, and NAT2 and presbycusis and analyze whether ethnicity has an effect in the genotype-phenotype associations. STUDY DESIGN: Case-control study of 134 DNA samples. SETTING: University-based tertiary care center. SUBJECTS AND METHODS: Clinical, audiometric, and DNA testing of 55 adults with presbycusis and 79 control patients with normal hearing. RESULTS: The GSTM1 null genotype was present in 77 percent of white Hispanics and 51 percent of white non-Hispanics (Fisher's exact test, 2-tail, P ϭ 0.0262). The GSTT1 null genotype was present in 34 percent of control patients and in 60 percent of white presbycusis subjects (P ϭ 0.0067, odds ratio [OR] ϭ 2.843, 95% confidence interval [95% CI] ϭ 1.379-5.860). The GSTM1 null genotype was more frequent in presbycusis subjects, i.e., 48 percent of control patients and 69 percent of white subjects carried this deletion (P ϭ 0.0198, OR ϭ 2.43, 95% CI ϭ 1.163-5.067). The NAT2*6A mutant genotype was more frequent among subjects with presbycusis (60%) than in control patients (34%; P ϭ 0.0086, OR ϭ 2.88, 95% CI ϭ 1.355-6.141). CONCLUSION: We showed an increased risk of presbycusis among white subjects carrying the GSTM1 and the GSTT1 null genotype and the NAT*6A mutant allele. Subjects with the GSTT1 null genotypes are almost three times more likely to develop presbycusis than those with the wild type. The GSTM1 null genotype was more prevalent in white Hispanics than in white non-Hispanics, but the GSTT1 and NAT2 polymorphisms were equally represented in the two groups.
P resbycusis is a progressive, bilateral, primarily sensorineural hearing loss that occurs with aging. Presbycusis is the most common of human auditory disorders. 1 Of the 28 million Americans with hearing loss, nearly 10 million are older than the age of 65 years, and the prevalence of hearing loss increases more dramatically with advancing age. Therefore, although 31 percent of people older than 65 years of age are affected, the percentage increases to 70 percent for those older than 85 years of age. 2 Previous researchers [3] [4] [5] [6] [7] have proposed that presbycusis is caused by a series of cumulative effects and insults such as exposure to loud noise, systemic illnesses, medications, and genetic susceptibility. Ultimately, the exact pathophysiological mechanism of presbycusis is not known.
A potential pathophysiological mechanism of presbycusis could be oxidative stress. Oxidative stress plays a fundamental role in the overall aging process and the diseases associated with aging. 8 Oxidative stress is the result of the accumulation of damage from reactive oxygen species (ROS) and free radicals, which are a natural byproduct of aerobic metabolism. 9 The cochlea itself is not exempt from oxidative stress, and its role in presbycusis has been shown in the mouse model. 10, 11 ROS are thought to up-regulate apoptotic genes in response to hypoxic injury in the inner ear, as was demonstrated by Riva et al 11 in a mouse model. Therefore, we hypothesized that oxidative stress in the inner ear secondary to the decreased elimination of ROS by certain polymorphisms of antioxidant enzymes in humans would then make these subjects more susceptible to presbycusis.
Several antioxidant enzymes have been demonstrated to be active in the adult cochlea, for instance, enzymes involved in glutathione metabolism (glutathione S-transferase [GST], glutathione peroxidase, glutathione reductase) and enzymes involved in the breakdown of superoxide anions (catalase). 9 Specifically, GST enzymes catalyze the conjugation of glutathione with xenobiotics, compounds foreign to human metabolism, and are considered to play an important role in the antioxidant protection of the cochlea. GST comprises several gene classes, including GSTM and GSTT. GSTM1 and GSTT1 genes show genetic variability in humans. Individuals who are null genotypes for GSTM1 and GSTT1 cannot conjugate metabolites specific for these en-zymes. These individuals are thus thought to be more prone to damage caused by oxidative stress and possibly more susceptible to presbycusis. However, the authors of previous studies 12, 13 have not demonstrated an association between individuals who are null genotypes for GSTM1 and GSTT1 and presbycusis.
N-acetyltransferases (NATs) also are known to be involved in the detoxification of harmful xenobiotics. The frequency of NAT2 alleles and phenotypes varies among different ethnic groups. Genotypes can be classified as null genotypes, heterozygotes, or wild type on the basis of whether they are homozygotes (for the deletion) or heterozygotes (or if they do not possess the deletion). Approximately half of the white and black population are homozygotes for the deletion (null genotype). 14 However, the percentage of the population carrying the null genotype varies among different geographic regions and ethnicities. 15 Unal et al 16 demonstrated that polymorphisms of the gene encoding for NAT2 enzyme are associated with presbycusis in white subjects of Turkish descent. In the United States, subjects of Hispanic ethnic origin comprise the largest minority. Hispanic subjects constituted 15.4 percent of the U.S. population according to the 2008 census. It is projected that by 2050, there will be approximately 132 million Hispanic citizens in the United States, making them the fastest growing minority group. In South Florida, Hispanic subjects account for 57 percent of the population. 17 Given the proposed associations between antioxidant enzymes' polymorphisms and presbycusis, our study sought to further investigate these associations across subjects of different ethnicities, particularly the Hispanic population. No previous study in the literature has shown the proportion of Hispanic individuals with the NAT null genotype. Our study provides a novel analysis of antioxidant enzymes and their possible genetic and phenotypic distinctions and how these relate to presbycusis in different ethnicities.
Methods
The study was approved by the University of Miami Institutional Review Board. This was a hospital-based, casecontrol study. We recruited subjects from adults attending the outpatient clinic of the University of Miami Ear Institute. All subjects underwent a medical history and physical examination, including otoscopy. Subjects completed a questionnaire on demographic information, including ethnicity and on medical history focused on the identification of factors with known influence on hearing such as age, sex, excess noise, solvents, ototoxic drugs, ear trauma, radiation exposure or surgery, ear diseases, hearing nerve neoplasm, chronic illness (i.e., cardiovascular disease, diabetes), manifestations of syndromic deafness (i.e., blindness from retinitis pigmentosa, and tegumentary and craniofacial anomalies), and family history of hearing loss. At least a threegeneration family history was obtained for each subject, and the case was classified on the basis of the inheritance pattern in autosomal-dominant, autosomal-recessive, X-linked, mi-tochondrial DNA, or sporadic case. Recruited subjects with presbycusis underwent audiological examination according to current clinical standards (ISO 8253- 1, 1989 ). The minimal audiological examination consisted of measurement of air and bone conduction pure-tone thresholds at 500, 1000, 2000, and 4000 Hz.
The inclusion criteria for subjects with presbycusis included 1) age older than 40 years; and 2) greater than 30 dB hearing loss (HL; bone conduction pure-tone average [PTA] of frequencies 500, 1000, 2000, and 4000 Hz). Exclusion criteria included 1) a history of exposure to occupational or excess environmental noise; 2) exposure to toxins or drugs with known ototoxic effects; 3) history of temporal bone trauma; 4) history of otologic disorders such as Meniere's disease, autoimmune hearing loss, etc.; 5) an average conductive hearing loss greater than 15 dB HL in one or two ears, measured at 500, 1000, and 2000 Hz; 6) unilateral or significantly asymmetric (Ͼ 25 dB difference in interaural PTA) hearing loss; and 7) syndromic hearing loss. Control DNA samples were composed of a diversity panel of unrelated white subjects 40 to 81 years of age with normal hearing (Coriell Cell Repositories, Camden, NJ).
DNA Isolation
Blood samples were collected, and genomic DNA was extracted with the use of a standard extraction method.
Genotyping GSTM1 and GSTT1. The genetic polymorphism analyses for the GSTM1 and GSTT1 genes were determined by the multiplex polymerase chain reaction (PCR) procedure with the use of previously described primers of Lee et al. 18 The PCR products were analyzed electrophoretically on an ethidium bromide-stained 1.5 percent agarose gel (Fig 1) .
NAT2. Genotyping of the NAT2 polymorphisms (NAT2 5*A, NAT2*6A, NAT2*7A, NAT2*7B, NAT2*14A, and NAT2*14B) was performed by the use of PCR-restriction fragment-length polymorphism (PCR-RFLP), allele-specific amplification, and direct sequencing.
DNA Amplification for RFLP Analysis
PCR was performed in a 25-L reaction with 80 ng of genomic DNA, 10 pmol of each primer, 200 M deoxyribonucleotide triphosphates, 1.5 mM MgCL 2 , and 1 U of TaqDNA polymerase (set A and set B). The resulting 369-bp (primers set A) and 547-bp (primers set B) PCR products were subjected to RFLP analysis and the primer sequences provided as requested.
Allele-Specific Amplification
The presence or absence of the T341C nucleotide substitution was detected by use of the allele-specific PCR method described by Vatsis and Weber. 14 G191A, C282T, C341T, C480T, G590A, and G857 substitutions were confirmed by direct sequencing on an automated sequencer (ABI 3100).
Statistical Analysis
Student's t-test was used to compare differences in terms of age between sample groups. Nonparametric statistical tests ( 2 or Fisher's exact test) were used to determine differences among the frequency of GSTM1, GSTT1, and NAT2 mutant alleles in the control subjects versus subjects. Odds ratio (OR) and 95% confidence intervals (CI) were used to analyze the occurrence of the high-risk genotypes (all except the "low-risk" or wild-type genotype ϭ ϩ/ϩ) in the population samples. The hearing level measured as the PTA for 500, 1000, 2000, and 4000 Hz was compared between subjects with low-and high-risk genotypes by Student's t-test. The level of significance ␣ was 0.05. All calculations were performed with the JMP IN statistical software package 8.0 (SAS Institute, Inc., Belmont, CA).
Results
The study consisted of 55 subjects and 79 control patients who met the inclusion criteria. The average age of the subjects was 59 Ϯ 10 years, and that of the control patients was 56 Ϯ 11 years, with a male to female ratio of 1:1 for the subjects and 1.3:1 for the control subjects. There were no statistically significant differences in terms of age and sex ratio between subjects and control subjects. Among subjects, 26 subjects were white non-Hispanic (Northern European), 26 were white Hispanic, two were of Asian descent, and one was black. All the control samples were of white non-Hispanic descent. For comparisons of allele distribution between subjects and control, we only used data from white populations (white non-Hispanics and white Hispanics). Table 1 summarizes the demographic data.
Analysis of Frequency of Allele Distribution by Ethnicity (White Non-Hispanic vs White Hispanic Subjects)
We found that the GSTM1 null genotype was present in 77 percent of white Hispanic and in 51 percent of white non-Hispanic subjects; this difference was statistically significant (Fisher's exact test, 2-tail, X ϭ 5.826, P ϭ 0.0262. OR ϭ 3.148, 95% CI ϭ 1.170-8.467). In contrast, there were no significant differences in the frequency of the GSTT1 null genotype and the studied NAT polymorphisms between white Hispanic and white non-Hispanic subjects. Table 2 shows the GSTT1 null genotype was present in 34 percent of control subjects and in 60 percent of white presbycusis subjects. This difference was statistically significant (X ϭ 8 .263, P ϭ 0.0067, OR ϭ 2.843, 95% CI ϭ 1.379-5.860). Similarly, the GSTM1 null genotype was found more frequently in presbycusis subjects, with 48 percent of control subjects and 69 percent of white subjects carrying this deletion (X ϭ 5.798, P ϭ 0.0198, OR ϭ 2.43, 95% CI ϭ 1.163-5.067).
Analysis of the Frequency of Allele Distribution Between White Subjects and Control Subjects
Results of the distribution of the NAT2 gene polymorphisms between subjects and controls are shown in Table 3 . The frequency of gene polymorphisms of NAT2*5A, NAT2*7A, and NAT2*14A in subjects with presbycusis were not statistically significantly different from the control subjects (P Ͼ 0.05). However, the frequency of the NAT2*6A mutant genotype (heterozygous and null genotype combined) was more frequent among subjects with presbycusis (60%) than in control patients (34%; X ϭ 7.807, P ϭ 0.0086. OR ϭ 2.88, 95% CI ϭ 1.355-6.141). 
Comparison of Audiometric Data
The PTA for air conduction thresholds at 500, 1000, 2000, and 4000 Hz was calculated for groups of individuals with putative low-risk (wild type) and high-risk (heterozygous or null) genotypes. 
Discussion
Recently, the effects of free radicals, also known as ROS, and their damaging cellular effects have received much attention. Among the antioxidant enzymes thought to be active in the cochlea are enzymes involved in the metabolism of glutathione such as GST. Also, the enzyme NAT is known to be active in detoxifying xenobiotic toxins. 16 We sought to evaluate the potential association between different GST and NAT genotypes and presbycusis. Hispanic-American citizens comprise the fastest growing minority group in the United States. Among Hispanic subjects, 80 percent claim to be members of at least two races. 19 Our study is the first in the literature to study a majority of white subjects of Hispanic descent and analyze how ethnic vari- ability may play a role in genotype-phenotype associations, antioxidant enzymes, and presbycusis. Our study showed an increased risk of presbycusis among white subjects carrying a NAT*6A mutant allele. This finding is in agreement with Unal et al, 16 who most recently analyzed the association of NAT 2 gene polymorphisms and presbycusis. They studied a population of 68 white subjects of Turkish descent with presbycusis and found a 15.2-fold increased risk for the development of presbycusis in individuals with a NAT2*6A mutant alleles. Our data showed that individuals with the high-risk genotype (i.e., heterozygous and null genotypes) had worse hearing than those individuals with the low-risk (wild-type) genotype. In this study's population of white subjects with presbycusis, Hispanic and non-Hispanic subjects were equally represented, and there was no difference in the frequency of NAT polymorphisms among these two groups. The findings that the NAT slow-acetylator status appears to be a risk of presbycusis in this study and others suggest a significant association. Ultimately, epidemiological studies with much greater numbers of subjects and with improved methodological designs are needed to establish a definite association.
GST consists of several gene classes, including GSTM and GSTT coding for cytosolic enzymes. 20 GSTM1 and GSTT1 genes show genetic variability in humans. Up to 50 percent of the white population is a null genotype for GSTM1. 21 Subjects who are null genotypes for GSTM1 cannot conjugate metabolites specific for these enzymes. Individuals with null GSTM1 genotypes have lower amplitudes of high-frequency distortion product otoacoustic emissions compared with individuals possessing the gene, and this fact supports that GSTM1 null individuals might be more susceptible to presbycusis. 22 Data presented in this study revealed a modest association between the presence of either the GSTT1 or GSTM1 null genotypes and presbycusis. Of clinical importance, individuals with the GSTT1 null genotypes are almost three times more likely to develop presbycusis. Furthermore, individuals with the putative "high-risk" genotype in our study population had statistically significant worse hearing levels (mean PTA) than those with the GSTT1 wild-type genotype.
These results are in contrast with previously published data. In a study of 68 white subjects of Turkish descent, Ates et al 13 did not find a statistically significant correlation between individuals with a GSTM1 or GSTT1 null genotypes and 69 control subjects. Similarly, Unal et al 16 did not find an association between the GSTT1 and the GSTM1 null genotypes and presbycusis in white subjects of Turkish descent. The reported frequency of the GSTM1 mutant genotypes ranges from 23 to 62 percent in different populations and is common in white subjects with a frequency in this group of approximately 50 percent, whereas the GSTT1 mutant genotype is less common and ranges from 15 to 20 percent in white subjects. 23 In our cohort, the GSTT1 null genotypes were present in 34 percent of white subjects with normal hearing and in 60 percent of white subjects with presbycusis; the GSTM1 null genotype was present in 48 percent of normal-hearing and in 69 percent of hearingimpaired white subjects. Our cohort of hearing-impaired subjects comprises white subjects from different European origins and reflects the demographic composition of South Florida. When comparing our study with those from Mersin, Turkey, phenotypical heterogeneity is expected to exist between antioxidant enzyme gene mutations and the subsequent development of presbycusis.
In contrast to the Turkish studies, our study showed a clinically significant correlation for the development of presbycusis among subjects with GSTT1 mutant allele and the GSTM1 mutant allele. Our study has some important limitations. First, although we used age-and sex-matched control subjects, these samples were not derived from the same geographical area as that of the subjects. Second, the control/subject ratio was almost 1.5 (79 control subjects and 52 subjects) instead of a 2:1 ratio that provides for a more efficient design. Despite these limitations, our results are similar albeit more modest than those reported by Unal et al 16 in white subjects of Turkish descent.
In summary, the present study highlights the genotypic variability of antioxidant enzymes that exist among different ethnic populations. We are the first study to emphasize these ethnic discrepancies and how they relate to presbycusis. We demonstrated an increased risk of presbycusis among white subjects carrying the GSTM1 and the GSTT1 null genotype and the NAT*6A mutant allele. Furthermore, we showed that subjects with the GSTT1 null genotypes are three times more likely to develop presbycusis than those with the wild type. Of clinical importance, recent studies in animals have shown the potential importance of antioxidant enzyme supplementation in the prevention of presbycusis, as illustrated most recently by Bielefeld et al. 24 Future studies will need to analyze the apparent phenotypic difference among a subpopulation of Caucasians and the development of age-related hearing loss. script revision; Li Lin Du, DNA preparation, laboratory research; Kimberly Hoang, laboratory research; Denise Yan, study conception, single nucleotide polymorphisms selection; manuscript revision; Xue Zhong Liu, patient collection, research design, manuscript revision.
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